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Abstract
The influence of lateral impact loading rate, longitudinal reinforcement ratio and stirrup ratio on the failure mode, lateral load 
bearing capacity etc. was investigated. It was carried out with experimental research on the dynamic response of RC columns
under lateral impact loading. Results show that increasing in longitudinal reinforcement ratio can enhance ultimate load bearing
capacity of columns. The greater the loading rate, the greater the increased amplitude. It is also demonstrated that he main 
influence factor on the failure mode of RC columns is stirrup spacing. The column is prone to shear failure when the stirrup 
spacing is large otherwise to flexural failure.
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1. Main text 
A reinforced concrete structure will not only be subjected to the subscribed load in design code, but also will be 
subjected to the possible impact load, such as from vehicle etc. When subjected to impact loading, the damage or 
collapse of a structure is often caused by the failure of load bearing column. It is necessary to make further 
investigation into the failure mode of load bearing column. Although much research work has been done about 
structure progressive collapse in recent years[1]-[5], most of them are related to the collapse of RC beam or plate 
after the failure of RC frame column under lateral impact loading, instead of the column itself[6]-[8]. In fact, the 
existence of axial force probably could lead to rather different failure mode in column from the beam or plate [9]-
[12]. It is necessary to strength the research work about the dynamic response behavior under lateral impact load to 
investigate the failure mechanism and failure mode of reinforced concrete column. In this paper, the failure process 
and failure mode of RC frame column and influence of axial force are further investigated though multiply-point 
loading test.
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2. Experiment scheme
2.1. Specimen design
Take 8 specimen columns with the scale of 1:2 in a RC frame structure, as is shown in fig1 and tab1, the 8
specimen are all with the same symmetric reinforcement of II grade reinforce bar in Chinese standard and stirrup of 
grade I. The strength of concrete is C25 with the protecting layer of 25mm.
            
Fig.1. Figure of specimen       
Fig.2. Loading device
Table1. Specimens layout
specimens dimension/mm span/mm
reinforce
bar
stirrup
loading vel.
mm/s
com.
ratio
S-218-0-1 250×300 3300 2 18 6@200 1.83×10 0-2
S-318-0-1 250×300 3300 3 18 8@130 1.83×10 0-2
S-218-0-2 250×300 3300 2 18 6@200 22 0
S-318-0-2 250×300 3300 3 18 8@130 22 0
S-218-0.25-1 250×300 3300 2 18 6@65 1.83×10 0.25-2
S-318-0.25-1 250×300 3300 3 18 8@60 1.83×10 0.25-2
S-218-0.25-2 250×300 3300 2 18 6@65 22 0.25
S-318-0.25-2 250×300 3300 3 18 8@60 22 0.25
Table2. Test results
specimens failure ultimate disp. ultimate load max. axial max. trans. max. end
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mode įK /kN force
/kN
force
/kN
moment
/kN·m
S-218-0-1 shear 0.2160 200 240 280 94
S-318-0-1 flexural-shear 0.3895 260 225 400 115
S-218-0-2 shear 0.3326 204 256 275 83
S-318-0-2 flexural 0.4420 - 373 351 118
S-218-0.25-1 flexural 0.3960 267 578 588 142
S-318-0.25-1 flexural 0.4590 290 577 401 148
S-218-0.25-2 flexural 0.4472 283 577 728 56
S-318-0.25-2 flexural 0.3725 353 599 555 187
2.2. Loading equipment and loading process
Experiment work was carried out in structure research center of Hebei United University. The single point 
loading method with MTS hydraulic pseudo-dynamic system is applied to simulate the strike-impact loading as is 
shown in fig2. The Daqbook plus Strainbook series products and BZ2210 dynamic strain indicator were applied as 
the data collecting device.
The influence of variation of reinforcement ratio and loading velocity to the failure has been considered in the 
test, which includes 2 types of compression ratio, n1=0 and n2=0.25, 2 types of reinforcement ratio, r1=0.67% and 
r2=1%, and 2 types of loading velocities, v1=110mm/6000s or 1.83×10
-2 mm/s and v1
3. Experiment results and analysis
=110mm/5s or 22mm/s. the 
slower loading velocity is corresponds to the quasi-static loading, which is used to compare with the faster loading 
velocity. 2 indices are used to decide the failure point in a loading process: (1)the lateral displacement at the mid-
span reaches 1/30 of the column length; (2)after the load bearing capacity enters into the declining stage, the exerted 
load declines to 85% of its peak value. In the preloading stage, 1/3 of the cracking load is exerted and then, in the 
following stage, the major load is applied till the failure appearance. The linear progressive loading is controlled 
though measuring mid-span displacement. 
3.1. Failure mode
3 types of failure modes appeared in the test: shear failure, flexural failure and flexural- shear failure, as is show 
in fig2, fig3 and fig4. In the shear failure mode, the first crack appears at the mid-span on the lateral surface near the 
support, and then stretch toward the top and bottom surface. At the final stage, the cracks cut though the whole cross 
section at one support, but not at another support and the mid-span, as is shown in fig2. In the flexural failure mode, 
the first cracks appears near the mid-span cross-section in the tensile area, then widen progressively and stretch 
toward the compression area. The cracks at last cut though the whole cross section, which causes the crushing of the 
compressive area and forms the plastic hinge at mid-span. In the mean time, cracks appear at the top surface near the 
support, as is shown in fig3. In the flexural-shear failure mode, the cracks cut though the whole cross section and the 
plastic hinge appears, and at the same time, the shear failure mode appears at 1 of the 2 supports, as is shown in fig4.
                         

38  Xingguo Wang et al. / Systems Engineering Procedia 1 (2011) 35–41
                                   
Fig.2. Failure mode of S-218-0-2(shear failure). (a)end; (b)mid-span
                         
Fig.3. Failure mode of S-218-0.25-1(flexural failure). (a)end; (b)mid-span
                            

Fig.4. Failure mode of S-318-0-1(flexural-shear failure). (a)end; (b)mid-span
The flexural failure occurring on specimen s-218-0.25-1, s-218-0.25-2, s-318-0.25-1 and s-318-0.25-2 indicate 
that at the same axial compressive ratio, even when the reinforcement ratio varies, the failure mode the same, which 
means that both the longitudinal reinforcement ratio and loading velocity have little influence on failure mode. The 
shear failure occurring on s-218-0-1 and  s-218-0-2, flexural failure on s-218-0.25-1 and s-218-0.25-2, flexural-shear 
flexural on s-318-0-1, s-318-0-2, s-318-0.25-1 and s-318-0.25-2 indicate that stirrup space could have significant 
influence on the failure mode. It could be concluded that the stirrup space is the dominant factor to failure mode. 
The stirrup space could be decreased in order to prevent the possible brittle failure of reinforced concrete failure 
column.
3.2. Peak value of the extra axial forces vs. relative displacement at mid-span
It could be seen from fig5 that, under lateral strike loading, if the axial compressive ratio remains the same, the 
extra axial force will increase with the increasing of longitudinal reinforcement ratio. If axial compressive ratio is 
small, the increasing amplitude will be large, and gradually, with the increase of axial compressive ratio, the 
increase in extra force will diminish. When the compressive ratio and loading velocity remains the same, a small 
stirrup space will correspond to a larger axial force. At the same ultimate mid-span displacement, the extra axial 
force for a large loading velocity will be less than the extra axial force for a small loading velocity, which indicates 
that the increase in loading velocity could decrease the axial force in frame column.
Fig.5. Axial force vs. displacement at mid-span
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3.3. Peak value of the end moment vs. relative displacement at mid-span
It is seen from fig6 that under the same axial compressive ratio and loading velocity, the end moment will 
increase with longitudinal reinforcement ratio. The larger that the longitudinal reinforcement ratio, the more 
significant the increase. With the same displacements at the mid-span of the column, the less the stirrup space is, the 
larger the end moment. It then could be concluded that the end moment could be increased with reducing the stirrup
space in order to increase the stirrup ratio.
The peak value of end moment also has the following relationship with loading velocity: (1)when the axial 
compressive ratio is 0, the end moment for s-218-0-1 and s-218-0-2 are 94 and 83 respectively, while the end 
moment for s-318-0-1 and s-318-0-2 are 115 and 118 respectively, which indicate that the peak value of end 
moment are approximately the same for different loading velocities. When the longitudinal reinforcement ratio is 
small, the end moment will have a significant increase over longitudinal reinforcement ratio for the small loading 
velocity. When the longitudinal reinforcement ratio is large, the end moment will have a significant increase over 
longitudinal reinforcement ratio for the large loading velocity. (2)when the axial compressive ratio is 0.25, if the 
longitudinal reinforcement ratio remains to be  constant, the end moment will experience great difference over 
different loading velocities. For a larger longitudinal reinforcement ratio, the increasing tendency of the end moment 
over loading velocity tend to get closer.
Fig.6. Column end moment vs. relative displacement at mid-span
3.4. Peak value of the transverse reactive force vs. load velocity and compression ratio
It is shown in fig7 that the transverse reactive forces will increase with compressive ratio, but the increase will 
subject to the influence of longitudinal reinforcement ratio. The larger the longitudinal reinforcement ratio is, the 
less the increase amplitude. It is also clear that for the same longitudinal reinforcement ratio, the less the stirrup 
space, the larger the transverse reactive force. The increase amplitude will also be narrowed with the reduce of 
stirrup space. When the longitudinal reinforcement ratio remains the same, the larger the loading velocity , the larger 
the increase in reactive force. For the same mid-span displacement with respect to different specimens, the larger 
loading velocity will result the larger reactive forces.

Fig.7. Horizontal force vs. relative displacement
3.5. Ultimate load
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It is shown from fig8 that at the early stage of loading, the load-displacement curve is almost a straight line. Then, 
with the growing in applied load, the reinforcement bar at the mid-span began to yield to produce the plastic hinge. 
At this stage, the applied load will grow very slow. At last, the reinforcement bar began to yield at the end. The 
plastic hinge will also appear and the strain in concrete material will reach the ultimate value, which means the 
complete failure of the specimens. 
Shear failure occurs at s-218-0-1 and s-218-0-2, and a rapt decline stage at the load-displacement curve appears, 
which means the little ductility. For the rest of specimens, flexural-shear or flexural failure appear, and presents a 
slow decline stage at the curve, which means the relatively large ductility.
It is seen from tab.2 that the difference in longitudinal reinforcement ratio might result in significant difference in 
the ultimate load. The ultimate load for s-318-0.25-1 will increase by 8.6% from s-218-0.25-1. The ultimate load for 
s-318-0.25-2 will increase by 24.7% from s-218-0.25-2. It could be concluded that the lateral load bearing capacity 
will increase of longitudinal reinforcement ratio. While for a large loading velocity, the increase in load bearing 
capacity will become larger. The ultimate displacement will also increase due to the larger ultimate load.
   It seems that there is not significant difference between the ultimate load for s-218-0-1 and for s-218-0-2. the 
ultimate load for s-218-0.25-2 increase by 6% from s-218-0.25-1; while the ultimate load for s-318-0.25-2 increase 
by 21.7% from s-318-0.25-1, which means that the loading velocity has presented significant difference.
It is then possibly could be concluded that when the axial compressive ratio is small, the influence of loading 
velocity is small, but, on the contrary, when the axial compressive ratio is large, the ultimate load will increase with 
loading velocity. The larger the longitudinal reinforcement ratio is, the more significant the increase of ultimate load.
Fig.8. Load vs. relative displacement at mid-span
4. Conclusion
(1) The stirrup ratio is the main factor affecting the failure mode of frame column. The longitudinal reinforcement 
ratio and loading velocity do not exert significant influence on it. If the stirrup space is large, the column will be 
prone to shear failure, otherwise to flexural failure. It is important for building safety in civil engineering.
(2)The ultimate load, lateral displacement at mid-span, extra axial force and end moment will increase with the 
longitudinal reinforcement.  Especially, the large loading velocity corresponds to the large increasing amplitude, 
with the maximum 24.7%. The transverse reactive force will also increase with the reinforcement ratio, but the
increase will be narrowed with the increase of reinforcement ratio.
(3)The ultimate load could increase by 6%~21% with increase of loading velocity. The large the longitudinal 
reinforcement ratio is, the more significant the increase. The increasing amplitude of transverse reactive force will 
increase with loading velocity, and reduce the extra axial force.
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